Crystalline approximant / Electrical resistivity / Al--Ir / Al--Ir--Pd Abstract. Chemically ordered Al 2.7 Ir and Al 64.5 Ir 22 Pd 13.5 1/0 approximants are prepared by two different methods and characterized by X-ray diffraction and transmission electron microscopy. Al 2.7 Ir possesses a primitive cubic lattice with a ¼ 15.345(6), whereas Al 64.5 Ir 22 Pd 13.5 has a face-centered cubic lattice with a ¼ 15.497(9). Examination of the samples prepared by two different methods reveals that the texture of the samples prepared by spark plasma sintering is more homogeneous than those prepared by arc melting. Electrical resistivities of both the compounds exhibit metallic characters, i.e., a positive temperature coefficient of the resistivity (TCR) with a high resistivity value. The results suggest that the TCR may not always be negative for 1/0 approximants with 15$16 periodicity but the high residual resistivities are common to all the approximants, which is presumably attributed to the common structural unit, an icosahedral cluster of $7.7.
Introduction
Crystalline approximants have been of particular interest since they are expected to provide a basis for understanding of the anomalous transport properties of the icosahedral phases (i-phases) such as high resistivities as well as negative temperature coefficients of the resistivity up to the melting point. The q-T behaviors of the approximants have been classified according to the approximation degree or the lattice parameter [1] . It has been found that high order approximants with lattice parameters larger than 20 always behave in a similar way to the corresponding i-phase, implying that the electronic transport is determined by a local atomic order of the length scale of 15-20 [2] . For such a local atomic order, atomic clusters of a less than 20 diameter are considered to be of significant importance for the electronic transport of the approximants.
In the case of ternary Al--Pd--TM (TM ¼ Fe, Ru and Os) systems, various approximant phases such as 1/0 and 2/1 approximants are known to exist [3] [4] [5] [6] [7] [8] . Electrical resistivities of Al--Pd--TM approximants have been investigated systematically and it has been conjectured that either the approximation degree or the lattice periodicity plays a crucial role in the sign of the TCR [9] .
In this paper, the electronic transport of chemically ordered Al 2.7 Ir and Al 64.5 Ir 22 Pd 13.5 1/0 approximants is discussed in terms of the approximation degree and the lattice parameter in order to understand the transport properties intrinsic to the approximants.
Experimental
Since it is difficult to prepare homogeneous Al--Ir and Al--Ir--Pd alloys because of the large differences in the melting point among the constituent elements, samples were prepared by two different methods in this study; one is a conventional arc-melting method and the other is a spark plasma sintering (SPS) method. In the SPS method, a large pulse electric current is applied to raw materials under a high pressure and this technique allows us to synthesize alloys at a low temperature in a short time. The resulting textures were compared between the compounds prepared by the two different methods.
For the binary Al--Ir system, high purity Al (4N, #75 mm) and Ir (3N7, #21 mm) raw powders were mixed at a nominal composition Al 73 Ir 27 and pressed under 20 MPa into a pellet shape. The pellet was then melted in an arc furnace. For the ternary Al--Ir--Pd system, high purity Al, Ir and Pd (3N, #75 mm) powders were mixed at a nominal composition Al 64.5 Ir 22 Pd 13.5 and sintered by SPS (SCM SPS-515S) with a pulse electric current of $300 A, sintering temperature of 1223 K, holding time of 1 h and pressure of 27 MPa using carbon dies (SCM A-02). Single phases were obtained by annealing the alloys at 1173-1373 K for 48-96 h in Ar atmosphere followed by quenching into water. Phase purity of the samples was examined by powder X-ray diffraction with CuK a . Characterization of the samples was also performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) using JEM2010 (JEOL). The TEM observation was performed for pulverized samples at room temperature. The electrical resistivity was measured by a four probe method in a temperature range between 15 and # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: als_forest@hotmail.co.jp) 300 K using an AC resistance bridge (LR700, Linear Research Inc.).
Results and discussion

X-ray diffraction
Figures 1(a) and (b) present powder X-ray diffraction patterns of Al 2.7 Ir and Al 64.5 Ir 22 Pd 13.5 , respectively. The intensity distribution of Al 2.7 Ir is in good agreement with the pattern calculated using the structure model of Al 2.7 Ir shown in Fig. 1(c) , which is a P-type 1/0 cubic approximant with a ¼ 7.674 [11] . In Fig. 1(a) , the peaks are indexed as a P-type cubic phase with a ¼ 7.674. For Al 64.5 Ir 22 Pd 13.5 , all the diffraction peaks can be indexed as a fcc lattice of a double unit cell as shown in Fig. 1(b 
Transmission electron microscopy
Figures 2(a) and (b) present electron diffraction patterns of Al 2.7 Ir and Al 64.5 Ir 22 Pd 13.5 taken at room temperature, respectively. In the case of Al 2.7 Ir, weak superlattice reflections are observed indicating the occurrence of a superstructure with a double unit cell. No systematic extinction in the pattern along [110] axis is observed, indicating that the phase has a P-type superlattice. The result is not in agreement with the reported structural model of Al 2.75 Ir, which might be due to the difficulty in detecting weak superlattice reflections by X-ray diffraction experiments. For the pattern taken along the [100] axis, no superlattice reflections are seen at the positions hk0 with h ¼ odd, which is explained by the existence of an a-glide with the glide plane perpendicular to the (001) plane. Hence, it is concluded that Al 2.7 Ir has a space group Pa-3 with a ¼ 15.345 (6) .
In the case of Al 64.5 Ir 22 Pd 13.5 , the diffraction spots are indexed by indices with h, k, l ¼ all even or odd, indicating that it has a F-type lattice, which is consistent with the result of the X-ray diffraction as well as with literature [6] ; Al 65 Pd 11.5 Ir 23.5 has a space group Fm3 with a ¼ 15.482(2).
Some features have been known to be common to a number of 1/0 approximant phases in Al-based systems such as the Al--Pd--TM approximants. Their structures can be regarded as a simple cubic arrangement of icosahedral clusters or icosahedral cages (ICs) which are mainly composed of transition metals and have a diameter of about 7.7. Each IC shares its edges with the six neighboring ICs and is surrounded by small icosahedra consisting of 13 Al atoms around a central TM atom. If all the ICs are identical, the approximant possesses a lattice parameter of $7.7. A different way of filling an IC and their ordering are responsible for the structural variations of the 1/0 approximants.
Scanning electron microscopy
Figures 3 (a) and (b) present the microtexture of both the P-type and the F-type 1/0 approximants, respectively, prepared by arc-melting followed by annealing at 1273 K for 48 h, and Figs. 3(c) and (d) present F- 13.5 as sintered by SPS, and annealed at 1373 K for 48 h after sintering by SPS, respectively. As seen from Fig. 3(b) , the F-type Al--Ir--Pd sample prepared by arc melting contains a small amount of a secondary phase although it was not detected in the X-ray diffraction pattern. The F-type Al--Ir--Pd samples as sintered by SPS also contain a small amount of a secondary phase, however, it completely disappears after subsequent annealing as seen from Fig. 3(d) , showing that the SPS is effective for homogenizing alloys composed of highly refractory metals such as Ir on a microscopic level. It is noted that in addition to it samples prepared by SPS hardly suffer from the gravity segregation owing to the short sintering time.
Electrical resistivity
Figures 4 (a) and (b) present the electrical resistivity of P-type Al 73 Ir 27 and F-type Al 64.5 Ir 22 Pd 13.5 , respectively, normalized by its 300 K value, q/q 300 K . For P-type Al 73 Ir 27 q 300 K ¼ 600 mW cm and q 15 K /q 300 K ¼ 0.80 and for F-type Al 64.5 Ir 22 Pd 13.5 q 300 K ¼ 430 mW cm and q 15 K/300 K ¼ 0.75. As seen from Fig. 4(a) , the TCR of the P-type Al-Ir is not sensitive to the annealing temperature, implying that equilibrium defects such as point defects are not the main sources of the electron scattering. Their resistivities are to be compared with those of other Al-based 1/0 approximants; q 300 K ¼ 800 mW cm for 1/0 Al 72 Cu 8 Ru 20 with a ¼ 7.7 [13] , q 300 K ¼ 350 mW cm for 1/0 Al 2.7 Rh with a ¼ 7.7 [14] , q 300 K ¼ 300 mW cm for 1/0 Al 65 Pd 30 Fe 5 with a ¼ 15.5, q 300 K ¼ 1000 mW cm for 1/0 Al 70 Pd 20 Fe 10 with 13.5 forms in a narrow single phase region; for instance, the single phase region of the Al--Pd--Fe 1/0 approximants is considerably wide [3] . The present results suggest that for chemically ordered 1/0 approximants the TCR has a positive value. As for the resistivity value, it is still very high even comparable with those of amorphous alloys with negative TCRs. Such a high resistivity is attributed to the property of the icosahedral cluster of $7.7, a building block of the 1/0 approximants.
Conclusion
Single phases of Al 2.7 Ir and Al 64.5 Ir 22 Pd 13.5 1/0 approximants were prepared and their superstructures have been investigated. Al 2.7 Ir possesses a primitive cubic lattice with a ¼ 15.345(6), whereas Al 64.5 Ir 22 Pd 13.5 has a face-centered cubic lattice with a ¼ 15.497 (9) . Scanning electron microscopy studies revealed that the samples prepared by the spark plasma sintering method have high homogeneity compared with those prepared by conventional arc-melting. For the electrical properties, both P-type Al 2.7 Ir and F-type Al 64.5 Ir 22 Pd 13.5 exhibit high resistivities of 600 and 430 mW cm, respectively, at room temperature and TCRs are found to be positive for both the compounds, suggesting that the TCR becomes positive for chemically ordered 1/0 approximants. On the other hand, the high residual resistivities commonly observed in the both binary and ternary 1/0 approximants are attributed to the intrinsic property of the 1/0 approximants.
